Solid state nuclear magnetic resonance as a method of determining crystal structure has had limited success. Three distinct reasons for this failure can be identified when the resonance spectrum is of a dilute spin species in the presence of another abundant species. Two of these difficulties, and in part the third, can be mitigated by a famil of coherent averaging techniques in double resonance, with considerably improved prospects for locating the rare spins with respectto their nearby neighbors. A particularly advantageous procedure is described and possible applications are discussed. Pake (1) first demonstrated many years ago the possibility of determining structural parameters by analysis of dipole-dipole splittings in the nuclear magnetic resonance spectra (NMR) of solids. This approach has intrinsic appeal because the dipolar interactions (unlike other interactions of nuclear spins) depend on atomic positions in a direct and simple way, and because of the relative experimental simplicity of NMR as compared with diffraction methods. Nevertheless, solid-state NMR has never developed into a generally useful structural tool. The reason is connected with the fact that the NMR spectra of most solids reflect interactions among very many spins; the resonance is split and resplit into an essentially continuous spectrum lacking the resolved structure necessary for any detailed analysis in terms of structural parameters.
of coherent averaging techniques in double resonance, with considerably improved prospects for locating the rare spins with respectto their nearby neighbors. A particularly advantageous procedure is described and possible applications are discussed. Pake (1) first demonstrated many years ago the possibility of determining structural parameters by analysis of dipole-dipole splittings in the nuclear magnetic resonance spectra (NMR) of solids. This approach has intrinsic appeal because the dipolar interactions (unlike other interactions of nuclear spins) depend on atomic positions in a direct and simple way, and because of the relative experimental simplicity of NMR as compared with diffraction methods. Nevertheless, solid-state NMR has never developed into a generally useful structural tool. The reason is connected with the fact that the NMR spectra of most solids reflect interactions among very many spins; the resonance is split and resplit into an essentially continuous spectrum lacking the resolved structure necessary for any detailed analysis in terms of structural parameters.
In more recent times the arsenal of NMR technique has been stocked with a variety of advanced weapons; in particular, methods based on the concept of "coherent averaging" (2) allow one to modify in a selective way the various types of interactions experienced by nuclear spins. Such modifications have been heretofore concentrated largely upon the suppression of homonuclear (3) and heteronuclear (4, 5) dipole-dipole interactions to permit the observation of chemical shifts. In this paper we consider the applications of coherent averaging methods not to the suppression, but rather to the simplification and dissection, of dipolar interactions so as to recover some useful spectroscopic detail. This will be done in the context of the situation where we are interested in the spectrum (and structural environment) of relatively dilute spins S interacting with neighboring abundant spins I of a different species. (S = 13C and I = 1H in an organic solid can be thought of as a characteristic example). In such a case, the origin of line broadening can be divided into three logically and physically distinct parts, two of which can be removed and the third mitigated.
We imagine that the S spins experience purely dipolar interactions with their neighbors and are sufficiently dilute that S-S interactions can be neglected, and that they possess chemical shifts A of sufficient size to be resolvable in the absence of dipolar broadening. Chemical shifts of the I spins are ignored for simplicity, although their presence would not affect the results of this analysis. The effective Hamiltonian of such a spin system can be written: [2]
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The main Zeeman effects of I and S have been suppressed and the chemical shifts An are measured from a nominal Sspin Larmor frequency. The absorption spectrum in the vicinity of the S-spin Larmor frequency can be regarded as the superposition of spectra of individual S spins.t Then we can divide the difficulties alluded to earlier into three distinct problems. The first is connected with this superposition itself, the second has to do with complexities arising from Eq. 4, and the third results from the dependence of the bnk of Eq. 5 on internuclear distance rnk. We discuss these in turn in the following sections. (4) (5) (6) . The removal of dipolar effects would at first seem antipathetic to our purposes, but we shall see that these signals can be used as signatures by which the various dipolar spectra can in fact be recovered and segregated. Problem 2: Spin diffusion The spectrum of a particular spin follows from N= (A -2ZbflkIZk)Szk +Z1bkl(Ik 'Il-3I,,Ld). [7] k k< I the first term represents a static local field at Sn arising from its neighbors, and the second can be thought of as describing fluctuations in this field produced by diffusion of local I-spin excitations. These fluctuations greatly complicate the spectrum of Sn, as we shall now see.
While the indices kl in principle run over all I spins in the sample, it is of course sufficient to consider a limited neighborhood of S., containing some number N of neighbors (to be specified later). Then we can imagine calculating the spectrum by explicit diagonalization of Eq. 7 Fig. 1 , which shows calculated spectra for an S spin coupled to a single I-spin neighbor. As coupling of this neighbor to other I spins is introduced and made topologically richer, information concerning bis, evident by inspection at the top of the figure, becomes rapidly lost in a welter of uninterpretable features.
(These calculations used the program LAOCN3, written by A. A. Bothner-By and S. Castellano, and kindly provided by J. Krieger. That program, widely used to simulate NMR spectra of liquids, was modified by replacing scalar spinspin couplings with dipolar ones.) Our approach to this problem will be to remove the effects of the second, spin-diffusion term of Eq. 7. This can be done by a variety of "line-narrowing" techniques involving continuous or suitably modulated irradiation at or near the I-spin Larmor frequency (7). These techniques, in addition to removing I-I couplings, uniformly reduce the local field effects in Eq. 7 by a constant scaling factor X whose value depends in a known way on the specific mode of irradiation employed. The effect on the artificial examples of Fig. 1 would be to collapse all the spectra to the form of the top one.
It should be emphasized that this simplification results not only from a great reduction in the number of possible spectral lines (to V' = 2N, or 64 for N = 6), but also because the a s h Jljl'-FIG. 1 . Calculated absorption spectra for a single S spin coupled to a single I spin with coupling strength b1 = 10. In the top spectrum no other I spins are present. In the remaining cases there are six I spins coupled together in the manner indicated by the diagrams at the right. All nonzero values of bkl = 7 except in the bottom spectrum, where every I spin is coupled to every other with coupling constants chosen from a uniform random distribution of values in the range 0 S bk1 S 14.
frequencies of the (equally intense) lines now are related to the desired coupling constants bnk in a very simple way, so that the latter can be extracted by inspection without recourse to computer simulation. This is because the local field part of Eq. 7 Resolved local field oscillations I know of no complete solution to the third problem alluded to earlier, and so will delay its statement and proceed directly to an attack on problems 1 and 2.
Chemistry: Waugh Proc. Natl. Acad. Sci. USA 73 (1976) It was indicated that these could be separately alleviated by suitable irradiations of the I-spin resonance. But the characters of these irradiations, which have altogether different effects, must be different. The implied dilemma of choice is resolved by applying them at different times.
In brief, the experiment proceeds in the following successive stages, all being accomplished in a time less then the relevant spin-lattice relaxation times. (i) The S spins are prepared in a state having a macroscopic transverse polarization. This could be accomplished by a resonant 900 pulse or adiabatic half passage starting from a state of spin-lattice equilibrium. Often it will be advantageous instead to transfer the necessary polarization from the I spins (5). (ii) For a time t, we apply a line-narrowing irradiation to the I spins, but the S system is otherwise allowed to develop freely. It will be influenced by chemical shifts An and I-S local field interactions. (iii) For a further time t2, the I-narrowing irradiation is replaced by resonant I-S decoupling irradiation, while the transverse magnetization (S, ) and (Sy) is recorded as it decays.
The detected precession signals of both phases can be treated as a single complex signal proportional to (Sr) + i (Sy) = (S+), whose value depends on both t1 and t2. A twodimensional Fourier analysis is now performed:
POf iOD f(Wl W2) = t Jdtdt2(S+(tl t2)) e-(-ll+22 [9] This procedure exemplifies a wide class of two-dimensional Fourier spectroscopic methods which often may be advantageously employed when an observable depends upon two independent experimental variables. They have been discussed in great generality by Ernst et al. (8) . The first NMR experiments in this class were performed by Jeener (8) .
This analysis can be easily rationalized and its results for the present case understood as follows. During the epoch t1 the system develops under the influence of 14 = (A,, ++A bbnkIzk)S2. = -(A. + QU)S.,. [10] n k where X is the scaling factor (often 1/1V) appropriate to the type of narrowing sequence used, and during t2 under the different Hamiltonian 1 2 -ZASzn. [11] n (S+(tlt2)) = (ei*1tlJS+(t2)1e`iWf'lt [12] S+(t2) = e*2t22S+e ilf2h [13] From the forms of Eqs. 10 [17]
[18]
Here weI is an effective Larmor frequency in the I-spin rotating frame. The coordinate system is chosen with its z axis along the directions of the effective fields (or pseudo fields) in a suitable interaction frame of reference, to make it clear that the coupling induces transfer of polarization between I and S spins. This transfer is mediated by the couplings bnk, and so this spin-exchange procedure likewise offers the possibility of structure determination. By comparison with the method advocated here, however, it suffers two disadvantages.
First, if the Hartmann-Hahn condition weI -wes = 0 (11) is not accurately maintained, the measured dipolar frequencies are perturbed, perhaps without the experimenter's awareness, and will lead to errors in determination of the structural parameters. Second, the form of Eq. 17 even for WeI -Wes = 0 does not represent static local field effects. The relationship between experimentally obtained frequencies and the bnk is not obvious by inspection, and some spectral simulation procedure involving repeated diagonalization of Eq. 17 will often be necessary. Moreover, the form of Eq. 17 has a fortuitously unpleasant consequence: suppose a spin Sn is coupled importantly only to two neighbors Ii and 12 with coupling constants bnl and bn2, as might be the case for S = 13C, I = I2 = 1H in a methylene group. The local field experiment advocated in this paper will give distinct values of X-1 On = + (bnl 4 bn2) from which bni and bn2 are to be obtained and a degree of However, the situation is much better than it seems. Recall that the second moment of the S resonance is independent of I-I interactions, so the arguments just presented apply whether spin diffusion is present or not. Yet we have shown, e.g., in Fig. 1, that identical to the function g(Q + bo). This is not the case when I-I interactions are present. To determine bo we can therefore find the frequency Q which results in a separation of the spectrum into two identical functions which satisfy this criterion. This will result in greatly improved accuracy in locating bo. Moreover, the procedure can be extended. The function g(Q -bo) has the same property of being separable into two symmetric functions g'(Q -bo bl) from which the coupling b, can be found. This procedure can be repeated as long as the accuracy of the experiment permits.
Conclusions
Uncoupled local field spectra of dilute spins, obtained by suppression of interactions among abundant spins and the segregation of rare-spin spectra according to chemical shifts, offer distinct improvements in the possibility of structural analysis by NMR. Because the method responds to local structure in the neighborhood of particular rare spins, it would be possible by introducing such a spin into particular sites in a relatively large molecule to study the stuctures of those sites without the necessity for determining the structure of the entire molecule.
This method, like related transient spin-exchange procedures over which it offers advantages, is capable of yielding some structural information from polycrystalline or amorphous materials (10) . Thus, it may be applicable to studies of polymers, adsorbed species, and the like. It is also capable of determining dipolar interactions which have been averaged to reduced values by rapid anisotropic molecular motion. Measurements of this type offer opportunities for studying local order parameters in partially ordered systems such as liquid crystals, membranes, and the like.
